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One candidate t o r  a reusable upper stage t o  be carr ied by t h e  Spare 

Shuttle is an Aemmaneuvering Orbit-to-Orbit Shut t le  (AMOOS). 

cept we8 the  drw of t h e  vehicle during a pass through the atmosphere 

ra ther  than the  propulsio3 system to slow t h e  vehicle on a return from 

a high energy orbi t .  

s ens i t i v i ty  of AMDOS t o  uncertainties i n  the  properties of the atmosphere 

is sham. 

t h e  unpredictable var ia t ions i n  the  atmosphere have on t he  t ra jec tory  are 

discussed. 

geosynchronous o rb i t  with aerouynemic plane change, a l i nea r  feedback 

guidance scheme w a s  developed. A re la t ive ly  simple heuristic l a w  was 

used t o  demonstrate the  concc&. 

la% was developed analytically.  

atmospheres showed t h i s  l a w  t o  be a feas ib le  means of controll ing the  

AM)oS t r a e c t o r y .  

signif5 cant improvement anri, these are discussed. 

This con- 

I n  this paper, the  nature and magnitude of the 

Various guidvlce schemes fo r  correcting f o r  t h e  effects that 

For the  mission studied here, a peyload r e t r i eva l  from 

Using optimal control theory a feedback 

Testing with a large number of different  

Also, refinements t o  the technique o f fe r  promise of 
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One essent ia l  element of t he  Space Trensportation being developed 

for  future space operations is  t h e  reusable upper stage t o  be car r ied  

by the  Space Shuttle. The current baseline vehicle is a purely pro- 

pulsive Orbit-to-Orbit Shut t le  (OCS). An a l te rna t ive  candidate, t h e  

Aeromaneuvering Orbit---Orbit Shuttle (AMOOS), uses t h e  drag of the  

vehicle during a pass through t h e  atmosphere ra ther  than t h e  propulsion 

system t o  slow t he  vehicle on a re turn  from high orb i t .  

much more payloed zapability than 00s and uses current ra ther  t t a n  ad- 

vanced technology. 

AMOOS of fe r s  

One of t he  key problem areas of A M O S  is its s e n s i t i v i t y t o  uncer- 

t a i n t i e s  i o  atmospheric properties and t h e  development of a guidance l a w  

which w i l l  ccirrect for these uncertainties and Insure that  t h e  vehicle 

f l i e s  t h e  desired trajectory.  This paper w i l l  describe the  background 

of t h e  AMOOS concept, compre it with the  conventional OOS, end exemine 

the  guidence problem. 

of AMOOS t o  t he  state of the atmosphere w i l l  be discussed. 

t i v i t y  w a s  determined by l inking a t ra jec tory  program w i t h  an atmosphere 

generator program which produces a l a rge  number of different atmospheres 

t h a t  s t a t i s t i c a l l y  match actual atmosphere data. 

number of t r a j ec to r i e s  provided clues for pcssible guidance schemes which 

The nature and t h e  magnitude of t h e  sens i t i v i ty  

This sensi- 

The data from a l a rge  

use the aerodynamic capabili ty of t h e  vehicle. 

I n  par t icu lar ,  a l i n e a r  feedback guidance law w i l l  be developed 

tes ted  on a l a rge  number of d i f fe ren t  atmospheres. F i r s t ,  a simple 
2 

and 



heuristic lav will be used t o  demonstrate the reedback technique. Then, 

usin& o p t M  control theory, a feedback lav vi11 be developed saalytic- 

al ly .  Possible refincments to the technique and o of further study 

v i l l  also be proposed. 
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x Sta t e  vector 
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Comgonents of ve loc i ty  vector ,  m/s 

- 
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Perturbation of state vector, 6y 

3 2  u Gravi ta t ional  constant, m /s 
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ABBREVIATIONS 

00s Orbit-to-Orbit Shut t le  

AMOOS Acromaneuvering Orbit-to-Orbit Shu t t l e  

POST Program t o  Optimize Simulated Tra jec tor ies  
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BACKGROUND 

To fully rea l ize  the  potent ia l  of t h e  Space Shut t le  presently being 

developed under t h e  direction of NASA, a reusable upper stage, o r  Orbit- 

to-Orbit Shuttle (OOS), becomes a necessary component of t he  t o t a l  space 

transportation system. 

del iver  a n d  re t r ieve  payloads from high energy orb i t s .  

of a purely propulsive 00s are presently underway using a baseline vehicle 

describee i n  reference 1. 

a schematic of it: configuration are shown i n  figures 1 and 2. The maximum 

weight o f  t h e  00s i s  constrained by the  max imum Shut t le  payload capabili ty 

of 29484 kg. Xi th  t h i s  res t r ic t ion ,  wen technology advances such as com- 

posi te  materials and a new improved propulsion system w i l l  not give 00s 

t he  capabili ty t o  perform all of the missions proposed i n  t h e  payload 

mission model without t h e  use of multiple Shuttle launches. One stgdy 

(r-.f. 2) s t a t e s  t h a t  a significar.u number of missions w i l l  require two 

Shuttle/OOS l a n c h e s ,  thus increasing t h e  cost and complexity of thoso 

missions. This s i tuat ion i s  further aggravated by t h e  high sens i t iv i ty  

of t h e  performance of a purely propulsive 00s t o  changes i n  ine r t  weight 

and engine specif ic  impulse. 

and increase payload capabili ty or" 8 reusable upper stage may be t o  use 

t h e  atmospheric forces ra ther  than the engine thrus t  t o  brake the  vehicle 

during the  traFsfer from high orb i t  t o  Shuttle rendezvous al t i tude.  This 

could el ininate  about 1/4 of t h e  propulsive& required for  a round t r i p  

geosynchronous mission, 

The OOS, placed i n  o rb i t  by the Shuttle,  would 

Detailed s tudies  

The mission p ro f i l e  f o r  such a vehicle and 

One possible way t o  reduce t h i s  sens i t iv i ty  
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The concept of using the  atmosphere t o  alter a vehicle 's  o rb i t  has 

been t h e  subject of much study in the  past. 

i n  the form of analytical  etudies of synergetic plane change, which uses 

a combination of propulsive and aerodynamic forces t o  change the  inclina- 

t i on  of t he  vehicle 's  o rb i t a l  plane (refs. 3-12). 

o rb i t s  of the vehicle are essent ia l ly  the  same except fcr inclination. 

These studies,  l imited t o  near earth orb i t ,  indicate  that t he  synergetic 

plane change can give substant ia l  fue l  savings fo r  vehicles with hyper- 

sonic L/D nore than 2. 

Most of t h i s  work has been 

The i n i t i a l  and f i n a l  

The technique of using the  atmosphere t o  slow an orb i t a l  vehicle 

has been i n  use since the early days of space f l i gh t .  

braking, as applied t o  full reentry from space requires t h a t  essent ia l ly  

all of vehicle 's  eriergy be dissipated,  while t he  application t o  a return 

t o  a low car th orb i t  frcm synchronous orb i t  requires only a specif ic ,  

precise amount of energy loss.  

However, aero- 

In  recent years, several studies have investigated the potent ia l  of 

aerobraking for  00s type vehicles. 

sidered t o  minimize aerodynamic heating. 

were determined (ref. 13) and an analytical  technique for  calculating 

sorz trsjectory parameters was developed (ref'. 14) for m u l t i p a s s  missions. 

The t r s jec tory  of a typical  aerobraking mission is i l l u s t r a t ed  i n  figure 

3. A later comprehensive study investigated the  f 'easibi l l ty  and practi-  

ca l i t y  of the  aerobraking mode for return from high orb i t  of an 00s w i t h  

an aerobraking k i t  attached ( re f .  15). 

Multi-pass t r a e c t o r i e s  were con- 

Guidance and heating constraints 

Some of t h e  conclusions of t h i s  



s t u w  -re that  t h e  aembraking mode wan feasible ,  payload vw aurlmiied 

by missions wfth 25 t o  35 aerobrakiw passes, and that, contrsry t o  con- 

ventional OOS, the aerobrakiag 00s could perform t h e  baseline round t r i p  

mission using current technologJ(. 

The most recent ac t iv i ty  i n  t h i s  area ha8 been a f e a s i b i l i t y  study 

of B new vehicle ca l led  t he  Aeromnewering Orbit-to-Orbit Shut t le  (AMOOS) 

(refs.  16, 17). 

the most promising configurations for AMOOS, demonstration of potent ia l ly  

large payload gains, and ident i f icat ion of problem areas. 

problem area was t he  sens i t i v i ty  of AM006 t o  uncertainties i n  the  proper- 

ties, prcrticularly density, of the atmosphere and the guidance of AXOOS 

through an unpredictable atmaphere. This problem and i t s  solution is  

the subject of t h i s  paper. 

The results of this study include the  ident i f ica t ion  of 

One c r i t i c a l  
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The vehicle used i n  t h e  present investigation was derived in t he  

AMOOS f bas ib i l i ty  studies. This section provides a general descrrption 

of AMOOS and the  par t icular  configuration studied herein using material 

from references 16 and 17. 

The AMOOS mission will differ from that of  t he  propulsive 00s only 

i n  t h e  manner in which it achieves a phaaing orb i t  with the Shut t le  during 

the  return phase. 

for  a prescribed number of passes. 

with ju s t  enough velocity t o  carry it t o  phasing orb i t  apogee. A t  apogee, 

a short  burn i s  required t o  achieve phasing orb i t  perigee. 

is done, the AMOOS mission is  then ident ical  t o  tha t  of t he  propulsive 

00s. 

AMOOS w i l l  be tergeted t o  enter t he  earth's atmosphere 

It w i l l  ex i t  after the  last pass 

Once t h i s  

The most promising configuration evolved as a compromifte between 

high lift t o  maximize control authority, high drw t o  minimize TPS mass, 

and aerodynamic trim requirements. 

impose3 by both the  Shuttle payload bay and potential payloate impacted 

the design. 

an ablat ive thermal-protection system on a one-pass mission yielded the 

l i gh te s t  vehicle and thus the largest payload. 

analysir a l s o  were favorable t o  the  ablator (reference 17). 

Also, volume and dimensional constraints 

The configuration chosen is i l l u s t r a t ed  i n  figure 4. being 

!fhe r e su l t s  of a cost 

The payload capabili ty of M O S  is shown i n  f igure 5, cornpereG t o  the  

propulsive 00.9. 

t o  high o r i i t s  where the  propellant savings as a result of aerobraking 

The advantage over a purely progulsive 006 l i e s  In missions 
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are  largest .  

AMOOS i s  indeed less sensi t ive than the  OOS, t o  var ia t ions i n  specif ic  

impulse and s t ruc tura l  mass. 

which allows fo r  a higher ine r t  m a s s .  

Another important result of the  f eas ib i l i t y  studies i s  tha t  

This i s  due t o  the  smaller AV requirement 

The principal disadvantages t o  AiilOOS l i e  i n  t h e  area of navigation 

and guidance. The combination of navigation errors  and uncertainties 

i n  the  prclperties of the  atmosphere could cause the  vehicle e i the r  t o  

reenter or  f a i l  t c  diss ipate  enough energy t o  effect  Shut t le  rendezvous. 

Furthermcre, t h e  time h is tor ies  of most of t h e  t ra jec tory  state para- 

meters are in2istinguishable for  a wide range of atmospheric density 

variations u n t i l  the  vehicle has very nearly reached i t s  lowest point. 

This leaves l i t t l e  time t o  detect errors  and make t h e  necessary correc- 

t ions  (reference 18) .  

Studies (references 16 and 17) have show t ha t  t h e  payload r e t r i eva l  

mission, since it resu l t s  i n  the  heavtest vehicle at  atmospheric e n t r y ,  

has +,he greatest  impact on t h e  design of vehicle systems required fo r  

atmospheric f l igh t .  Therefore, it w i l l  serve as t h e  design nission f o r  

t h i s  paper. 

incl inat ion t o  e. low a l t i t ude  phasing orbi t  a t  28-5' inclination. 

of t he  plane change i s  done proFulsively during the  first, burn and the  

remainder is done using the  MOOS lift capabili ty during the  single pass 

through t h e  atmosphere, 

i t a  aerodynamic coeff ic ients  are shown i n  Figure 6. 

The mission i s  a return from geosynchronous orb i t  at 0' 

Most 

The mass of t h e  vehicle at entry is  10338 kg and 
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MOOS GUIDANCE CCINCEFTS 

This section i s  a summary of the p o t e n t 4 d  guidance techniques f o r  

AMOOS, some of which depend on the  + n e  of  missim. 

concept i s  the same fo r  a l l .  That is ,  t o  correct f o r  atmospheric uncer- 

t a i n t i e s  the  drag of the vehicle is modLl.-te< by e i ther  ra is ing o r  loweriw 

the vehicle‘s planned a l t i t ude  profile.  

main propulsion system or by controlling the vehicle aerodynamically. 

This study only considered the  l a t t e r .  

contained i n  t h e  M@OS literature (reference 18) and sme of the  material 

i n  tais document i s  repeeted here. 

HL..ever, t k e  basic 

This  can be done either with the 

A study of guidance concepts is 

For the  case when the or iginal  high energy orb i t  of AMOOS i s  i n  t h e  

same plane as t h a t  of t he  Shuttle,  no plane change i s  required of t he  

vehicle during e i ther  the  o rb f t a l  coast or t he  atmospheric portion of the  

return tradectory. I n  fac t ,  while i n  the  atmosphere, AMOOS must experi- 

ence no net l a t e r a l  force t o  avoid a cost ly  pycpulsive plane change 

uaneuver a f t e r  exi t ing ’ ‘le atmosphere. 

-he most obvious wa’ of controll ing a l t i tude  when there  is  no la teral  

force requirement i s  direct  modification of the  lift vector v ia  e.ngle- 

of-cttack. This technique can best 5 e  used if W O O S  f l i e s  inverted, tha t  

i s ,  with a bank angle of 180°, t o  increase control authority. For In- 

stance, if the  atmospheric density is l o fe r  than expected, AMOOS would 

increase t h e  angle-of-attack t o  lower the  a l t i tude  prof i le ,  thereby encoun- 

te r ing  higher density. A t  t h e  same time, t he  higher ar,gle-of-attack resu l t s  

i n  a higher drag coeff ic ient ,  contributing t o  a higher rate of decelerat .on. 

11 



If the vehicle were at Oo bank angle, these effects would tend t o  cancel 

each other. 

englc-of-a3tecnk through vtich the  vehicle m u s t  rotafe to correct its path. 

A problem with t h e  an&e-of-attrcl control is that t t e  mcment of inertia 

of the  vehicle in the l@tudinal plane is qui te  high, makine vehicle 

rotation i n  t h a t  plane difficult. 

Thus, using t h e  Lnverted mode w a d  decrease the s t o u t  of 

The inertia is much less about the  centerline, vhich leads t o  a con- 

sideration of bcsk angle as the means of control. In this mode, the 

angleof-attack remains constant and the vehicle would nominally f l y  

at ei ther  90° or 270' bsnh angle. 

rected by appropriately mdulating bank angle up or down &pending on 

the nature of the  conditions. 

vould result in en a r b i t  plane c m e .  

versi- the ?mk N e .  

at a bank engle of SOo from the point of entry to perigee and 270° fYan 

perigee t o  exit. 

a d i f f i cu l t  maneuver, t o  avoid excssslve prt-Jsbation of the tra3ectox-y. 

3mk angle mdulathn nra used in the d w e l o p e n t  of a guidance law 

i n  reference 10. 

Off n a p i d  conditians could be cor- 

The problem with this mode is that it 

This could be eliminated by re- 

For instance, the vehicle would nominally be 

B o w c n r ,  the vehicle wuld have t o  svi tch quickly, 

AMOOS cculd t e n e t i t  fxwn the  advantages of the  above modes by using 

some combination of both. 

divided into various s w e n t s  during which m e  mot?$ may be more applicable 

than the other. 

both s d e s  would also have the disadvantages and f;r addition would be 

more c0n;plex. 

It could be that the traJectory could be 

However, any scheme which woad have tbo advantageL of 

12 



Another =&hod discussed i n  the MOOS literature is  a constant rota- 

tion of t h e  vehicle about t h e  velocity vector during t h e  nosninal trajec- 

tory. This results In  no net lateral force. 

coFCitions are compensated f o r  by varying the  angular rate during appro- 

p r i a t e  portions of t h e  cycle i n  such a manner that the average rate remains 

unchanged over one revolution. 

which may be controlled. 

s i t i v e  t o  the  in i t i a l .  value of bank angle and it requires 8~ dlmost con- 

s tan t  f i r i n g  of t h e  vehicle's reaction cuntrol thrusters. 

Most of t he  rxissior?c Go high energy o rb i t s  require a cbaage i n  o r b i t  

In t h i s  case, off-nominal 

The result is a net lift i n  a direction 

The problems of t h i s  mode are that i.t i s  sen- 

inclination of 28.5'. On the  re turn  t re jec tory  a significant portion 

of t h i s  change can be provided aerodynamically (reference 17), with a 

corresponding eecrease in fuel requirements. Controlling AM9OS during 

the  atmospheric pess of such a missioll requires bank angle modulation. 

For instance, t h e  vehicle could f l y  at the  m@e of s t tack  fo r  m a r - h  

lift and a bank anele of goo. 

capabill ty and t he  la rges t  possible lift vector available t o  use as a 

control. 

cer ta in t ies .  

wh*-ch c o d d  be acco-mted for  in the targeting of the noxinal trajectory.  

Since the  mission in t h i s  study includes a 28.5' plane change, t h i s  

mode was selected f o r  more detailed study. 

develop a guidance l a w  whicL, w i l l  give only the  control history required 

rather t h a n  how the  vehicle w i l l  achieve a par t icu lar  bank angle. 

This would give the  greatest plrme change 

The Sank angle could be modulated up o r  down t o  correct for  un- 

This  would result i n  a reduced plane change capabili ty 

Moreover, this paper w i l l  

13 



SENSITIVITY OF AMOOS To TEE ATMOSPHERE 

The sens i t i v i ty  of AEIOOS t o  var ia t ions i n  atamspheric properties 

ras determined by establishing a nominal trajectoq usiw a &em atmos- 

phere, generating other t raJector ies  using deviations f r o m  the mean 

atmsphere, and comparing t h e  results, all other parameters being equal. 

Tvo approaches were taken t o  generate the various atmospheres; constant 

mult ipl iers  on density and statistical var ia t ions of densi ty-al t i t tde 

prof i les  . 
All of the &!COS t r a j ec to r i e s  were calculated with POST, t!ie Pro- 

gram to Optimize Shu la t ed  TraJectories (ref. 19). Tiis is a general 

performance analysis program which has modularized vehicle and planet 

models an2 e generalized target ing and optimization capabili ty.  

been used e-rtensively on a variety of problems and includes recent 

developments i n  nuxerical integration and optimization techniques. 

It has 

The nominal t ra jec tory  vas calculated using t h e  nominal density 

prof i le  shown i n  Table 1, t h e  &e of a t tack corresponding t o  maxim\rm 

lift, and a bank angle of 90' t o  maximize plane change capability. The 

t ra jec tory  progran, POST, was used t o  calculate  the  magnitude and -le 

of the  r e t ro  burn a t  geosynchronous a l t i t u d e  which resulted in the desired 

orb i t  apogee a l t i t ude  and incl inat ion upon ex i t  from the atmosphere. 

An i t e r a t i v e  minimn norm technique was used fo r  targeting. In t h f s  

case, where the number of control variables equals the riber of constraints,  

this reduces t o  ths c lass ica l  Newton-Raphson technique fo r  finding the 

14 



minims of a function. 

mined using fcrward differences based 0. : 

9'0 achieve an acceptable phesing orb i t ,  AHOOS must exit with an apogee 

TraJectory sensitivities vera numerically deter- 

- *rbing t h e  control variables. 

between 500 Ism and 720 km (reference 17) and nn incl inat ion or 28.5'. 

The mninal vas targeted t o  an apogtt or 600 km and an inclination of 2 8 . p  

so that when a guidance law f event- implemented, any remaining slight 

dispersions f r o m  the  mminal could be tolersted. 

d2vZations h t he  nuninel beds angle will result in a lower value for 

incl2hation. The values of the  trsjectory state variables at t he  point 

of atmosphere entry, 120 ht a l t i tude ,  were used 8s i n i t i a l  conditions for 

all subsequent trejectories. 

IU particuLar, any 

A series of t r a j ec to r i e s  was r!! using different  r a t io s  of density 

encountered t o  me-. density. 

each par t icular  t r a e c t o r y .  

a l t i tudes ,  as shown in figure 7. 

variations i n  density (< 1%) wil l  result i n  f i n a l  apogees outs 5 the 

acceptable range. Density r a t io s  greater then 1.04 result i n  reentry. 

For densi t ies  only s l igh t ly  lower than the  mean, AMXIS exits the  atmo- 

sphere with too much velocity t o  achfeve an acceptable phasing orbi t .  

Figure 8 shows the  variation of t h e  other c r i t i c a l  end condition, o rb i t  

inclination, with density ra t io .  As i n  t he  case of final apOgee, the 

range of values here  is  also very wide. Thus, the  emount of velocity 

addition, and i t s  corresponding fuel penalty, required t o  correct fo r  

errors  i n  inclination i s  very high. 

plot of velocity addition required t o  bring t h e  incl inat ion back t o  the  

This r a t i o  remained constant tt-oughait 

!Che result was a very wide range of apogee 

This f igure indicates t h a t  very s l igh t  

This is shown i n  figure 9 as a 



desirea valse of ? 8 . 5 O  versus the  amount of inclination correction re- 

quired et various o rb i t  a l t i tudes.  

Constant density r a t i o s  throughout a range of altitudes vould never 

occur in nature. 

simulated using a s t a t i s t i c a l  model of the  atmosphere, developed i n  un- 

published B S A  research, which models over 6,000 Meteorological Rocket 

Network soundi~gs of the atmosphere. The model is i n  t h e  form of a can- 

puter program which uses a random number generator, assuming temperature 

and density are normally 3 s t r i b u t e d ,  t o  generate temperature, density, 

and pressure grof i les  whose s t a t i s t i c a l  properties and ve r t i ca l  gradients 

match those of tke data. 

deviation and inter layer  correlations of  the data. This study used atmo- 

spheres generate2 for the spring season i n  a latitude band of 15O oc each 

s ide  of the equator. 

t o  POST from t he  atnosphere generator program. 

Therefore, a more r e a l i s t i c  atmosphere var ia t ion vas 

The program a lso  provides the mean, standard 

Atmospheric data tables w e r e  automatically input 

O f  :he 300 t ra jec tor ies  calculated, each with a different  atmosphere, 

137 did not  achieve the exit al t i tude.  

ing t ra jec tor ies  are presented as a histogram i n  rigure 10. 

force. the conclusion of the  previous figure,  tha t  MOOS is extremely 

The f inal  apogees of the  remain- 

This  rein- 

sensitive to u x e r t a i n t i e s  i n  the properties of the atmosphere. 

-,her analysis of the state parameters of t h e  t ra jec tor ies  re- 

vet . !d relationships that proved usefui i n  developing a l inear  feedback 

guidaxe law. Figure U ( a )  shows t h e  dependence of the  f i n a l  apogee on 

the  vehicle 's  o rb i t a l  energy a t  exi t .  

e l l i p t i c  J rb i t ,  the values of energy are  cegative, 

Since t h e  vehicle is i n  an 

The curve i s  smooth 
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throughout t h e  e n t i r e  r q e  of t rq iec tor ies .  

cation of t h e  same d q t a  i n  the region of t h e  desired apogee. 

able apogee range and t h e  corresponding energy range are indicated. 

energy a t  ex i t  may vary within a band of 500,000 m /s 

i n  an acceptable trajectory.  

Figure l l ( i u )  is  a nregnifi- 

The allm- 

The 

2 2  and sti l l  result 

Row, the  relationship between f i n a l  energy and energy during the 

atmospheric pess must be detemined. 

at the  point of perigee versus final energy i n  the  region of in te res t .  

The band of allowable values corresponding t o  the  f inal  energy band 

determined i n  t k 2  preceding f igure  i s  shown. 

of t h e  band can be considered accurate due t o  t h e  smoothness of t h e  data. 

S h i l a r  r e su l t s  a re  shown for o rb i t  inclination i n  figure 13. This  

Figure 12 shows the  value oi energy 

2 2  The 200,000 m /s width 

> lo t  of f i n a l  tnclination versus f i n a l  energy is also smooth and, along 

with the  r e su l t s  of t h e  previous two figures, gives confidence that  

energy naaagener?t tiwing an AMOOS pass through t h e  atmosphere would lead  

t o  accurate targeting of t h e  t r d e c t o r y .  



GUIDANCE L A W  D E V E L O M  

Based on t h e  previous AMOOS guidance dircussion, a l i n m  feedback 

l a w  for  bank angle modulation vas chosen for  f'urther study. 

were taken t o  develop t h i s  l aw.  

l a w  vas used t o  demonstrate the concept. 

foll.owed using optimal control theory. 

Rro approaches 

F i r s t ,  a re la t ive ly  simple heuris t ic  

Then an analytical  developnent 

The Eeurist ic Amroach. The first approach vas t o  have t h e  energy 

of the vehicle follow the energy prof i le  of the nominal t r s jec tory  using 

bank angle as  the control. 

- 

The feedback equation was simply, 

The nominal bank angle, 

constant chosen by trial and error with no attempt at cp th i ea t ion .  

desired value of energg, 

from an input table of values obtained from t he  nominal t ra jectory.  

addition, t o  avoid possible large excursions in bank angle and resulting 

loss  i n  inclination, the bank angle was limited throughout the  traJec- 

t o r i e s  t o  a minirum value of 50 ane a maximum value of 130 degrees. 

$noms was a constant goo and the  gain, K, w a s  a 

The 

at each point i n  the t ra jectory was taken Enom, 
I n  

Various schemes fo r  fumrulating t h e  nominal energy table were t r i ed .  

The best  resu l t s  were obtained by inputting energy versus f l igh t  path 

angle. All t ra jec tor ies  t h a t  exit the  atmosphere must have a perigee 

point (where f l i g h t  path aogle is  zero) and it was shown earlier, i n  

f igure 12 ,  t h a t  matching values of energy at perigee would be advantageous. 
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Also, the in i t i a l  flight peth angle wag i9ent ical  for all t rq)ector ies  

and t he  final f l i g h t  pr th  angles for all the  trajectories v i t h  an accept t i  

b le  final apogee were nearly the same. 

enerw versus f l i gh t  path angle prof i le  results in  an acceptable t ra jec-  

tory. 

Therefore, nntching a nominal 

The performance of the heuris t ic  guidance l a w  is i l l u s t r a t ed  i n  figure 

14. 

gener8:l.y fell within the  acceptable tolerance. 

o rb i t  inclination is shown in figute 15. 

wlth the  inclination never beillg more than 0.2 degrees from t he  desired 

value of 283'. 

performance of the heur i s t ic  l inear  feedback guidance l a w  successfully 

dcadnstrated the feedback technique s?& was judged suf f ic ien t ly  high to 

proceed with an analytical development using optimal control theory. 

For the  range of density fac tors  used t h e  values of final apogee 

The var ia t ion of f i n a l  

The result here is excellent 

Using the results of t h e  last two figures,  tile level of 

- The Analytical Amroach. Since the equations of motion for  the  atmo- 

spheric portion of AMOOS' f l i @ t  are  highly nonlinear, as is typ ica l  w i t h  

entry o r  skip types of t rq)cctor ies ,  t h e  development of an "exact" 

expl ic i t  feedback guidance scheme is not feasible.  

bation guidance scheme v.8 developed involving t raJec tor ies  i n  the  im- 

mediate neighborhood of the  naninal path. 

r a t i c  performaace c r i t e r i a  end quadratic constraints,  n feedback l a w  will 

be synthesized t o  keep the  system within an acceptable deviation f h m  t h e  

nominal using acceptable emounts of control. 

Therefore a pertur- 

By the  proper choice of qu, I- 

Following the analysis of Bryson and Ho (ref. 2 0 ) ,  the  development of 

t3e  optimal regulator is that of the  terminal control ler  with i n f i n i t e  
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final time. The equations of motion of a general system are, 

vhere 

vector. 

is  the  n-component state vector and t is t he  m-component control 

The result of a l i n e a r  pwturbation about a nominal is, 

For a simpler notation, 

where A i s  an n x n and B an n x m sens i t i v i ty  natr ix ,  

then ( 3 1 becomes, 

- x = G + G ,  

a l i nea r  system. 

x, with a minimum of control correction, c, the  scalar performance index, 

To achieve an acceptable l eve l  of t h e  perturbed state, - 

is maintained, where Sf, Q, and R arc posi t ive de f in i t e  matrices (ref.20). 

I n  par t icu lar ,  Sf Q and R are diagonal and, 
- T  -’ = msximum acceptable value of diag E (t,) x (t,), sf 

+F 
Qol = maximum acceptable vsluc of diag xx , 

* R-l = maximum acceptable value of diag uu . 
The s c a l a r  Hamiltonian takes the form 

*- - T -  -T -  H L:? G +  X Bu + 1/2 x QX + 1 / 2 U  Ru 
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The control, c, that mipippizes (6) is obtained by solving (5)  simultana- 

o u l y  with the mer-Lagrange equations , 

aH - =  0. 
atl 

Performing the kferent ia t ions  gives, 

( 9 )  

In the discussion of the solution of the problem, -son and Ho show that, 

for a continuous feedback law, 

Performing the differentiation in (16) ; 



. T -  - & + S z =  -A Sx - Qx . 

- 1 T - -  T -  - iz+ SP-- SB R B Sx - -A Sx --Qr, 

and 
-1 T T ( 6  + SA - SBR B S + A S  + Q) := 0. 

Since, j.n general F + 0, 
-1 5! T S + S A - S B R  B S + A S + Q = O .  

Solving :or S gives, 

(18) 

(19) 

which is t h e  matrix R ica t t i  Equation, 

Once S is  determined, it can be substituted in to  (141, which i n  turn 

i s  substi tuted in to  (ll) giving 

- -1 T u = - R  B S x  

-1 T Now, l e t  C = R B S snd subs t i tu te  in to  (23) yielding 

- - 
u = -cx , 

t h e  desired l ines r  feedback l a w .  

A regulator is a feedback controller designed t o  keep 8 stationary 

system within an acceptable deviation from a nominal condition. 

stationary system, t h e  matrices A and B are constant. 

matrices Q end R be constant and consider t h e  case of tf + 0. 

matrix Rica t t i  equation has a possible steady-state f i n i t e  solution, 

For a 

Also, l e t  the  

Then the  
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!rhat is, 

6 o = -SA - A T s + SBR -1 B T s - Q gives 

where 5 is  the solution of (24). 

Then the feedback gain matrix is 

3 = R” BT 3, 

and 
rc 

u = - c x .  

(24 1 

(25) 

Solution of the  Matrix R ica t t i  Emustion. 

completely control lable  and observable, then there is a unique posi t ive 

de f in i t e  solution, g, t o  (24). (See reference 22.) 

techniques f o r  solving t h e  qundratic equation (24). 

theoran is  used t o  reduce It t o  a seQuence of l i nea r  equations, whose 

solutions converge t o  5. This technique vas presented by l(lt1nman i n  

reference 23. 

If the  system defined by ( 5 )  is 

There are zeveral 

For this study, 8 

Equation (24) i s  rewritten as 

SA + ATS - SBR%TS + Q = 0. (28) 

C The first step i n  the procdure is t o  se lec t  a matrix Co such that  A + B To 

has all Its eigenvaluts with nsgative real parts. Then a sequence of 

matrices So, S1, S2, . , i s  formed where t h e  Si are t h e  solutions of 

trlt l inea r  algebraic equations 

( 2 9 )  Si Ai + A T Si + CiR C Ti + Q = 0 ,  

where 
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and 

C Ai = A + B Ti 
A - 6 ,  = S (reference 24). 

i 

The procedure f a l l s  i n to  t w o  phmes. F i r s t  the matrix Co must be 

found. If A has all its eigenvalues with negative reei  pwts ther, J = 0 
0 

satisfies the  requiremeat. 

However, since B is a vector i n  t h i s  study, 

If not, computation of Co i s  r( ?a. 

the  calculation is 
b. 

straightforward. I n  t he  second phase, equation (20) is  solved. Solution 

procedures for such equations are well known and t h e  calculatioxs ere 

So, SI, S2 . . toward 8 i s  quadratic (Reference 23). 

Application t o  AMOOS Oaidancc. In POST, t h e  t ra jec tory  program, the 

state vector, y, is defined i n  a rectangular earth-centered i n e r t i a l  

reference freme. 

be defined i n  the  same manner. 

ponents and three velocity components. 

t h e  a l t i t ude  prof i le  t o  control energy, t h e  deviations i n  t h e  position 

components w i l l  not be controlled. 

section on t h e  sens i t i v i ty  t o  the  atmosphere result principally i’rom 

changes i n  velocity. 

the only cnes of concern t o  t h e  feedbac,. l a w .  That is ,  i n  t h i s  appli- 

cation, t h e  s t a t e  vector used i n  t he  ana ly t ica l  development i s  assumed 

t o  contain only the  velocity components. 

t i on  on AMOOS guidance philosophy, the  control vector has snly one corn- 

For convenience, the state vector i n  t h i s  study w i l l  

The statc vector has three posit ion com- 

Since the  method is t o  change 

The variations of energy seen i n  the 

merefore* t h e  three velocity components of X a r e  

Alsom as discussed i n  the  sec- 
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.c ponent, bank angle. Therefore, the gain matrix, € , reduces t o  a vector. 

I n  the ancslytical developn'tnt of the  regulator, t h e  A and B matrices 

were assumed constant so t ha t  a steady s t a t e  solution for  the  gain matrix 

could be found. However, i n  a typical  MOOS t ra jec tory ,  the A and B 

matrices change dras t ica l ly  and rapidly during a Fass through the  atmo- 

sghere. 

on the  nominal f l i gh t  path, evalua:;e A and B, choose appropriate Q and R 

matrices, solve the matrix Rica t t i  equation for  S, and then calculate  

t he  resul t ing gain vector. 

combined t o  produce a history of t he  gain rector throughout the  t ra jectory.  

"he approach t o  the problem was then t o  choose several points 

The re su l t s  a t  all of t h e  points were then 

Five points along the nominal puth were chosen and the ra t iona le  for  

their  selection is  as follows. 

since it i s  tha t  p i n t  at which the e f fec ts  of an unpredictable atmo- 

sphere are greatest  and t!ie ab i l i t y  of '.he vehicle t o  control i t s  path 

is  the highest. 

the  boundaries of the reg;%m i n  which the vehicle nas effect ive control. 

One of these points was 8hOrtly a f t e r  atmospheric entry, while dynamic 

pressure w a s  incre tdng ,  at t h e  threshold of s ignif icsnt  aerodynamic 

forces. 

dynamic force, while dynamic pressure was decreasing near the point of 

exi t .  

boundary points and the point of perigee. 

trum was included. These f ive  p o i n t s ,  the  corresponding state variables,  

and other important t r a j ec t  ry parameters a re  listed 1.1 Table 2. 

F i r s t ,  the  point of perigee .*as chosen 

Two points were then selected which essent ia l ly  sarked 

The other was chosen t o  occur at a corresponding degree of aero- 

The f ina l  two point8 were chosen t o  be halfway bctveen the two 

Thus, the en t i re  f l i gh t  spec- 
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The h and B matrices at each of the  five points verc calculated 

numerically, using forvard differencing. As a check, same of t h e  coxa- 

ponents Ere re-calculated using central  differencing and various per- 

turbation ster sizes, with essent ia l ly  the  same results. Ebcb of the 

velocity components of t h e  state vector and -bank angle vere perturbeil 

independently and the resul t ing changes in F i n  t he  questions of motion 

vere calcUlate0. 

presenteA i n  Fable 3. 

The A and B matrices for t h e  nominal t d e c t o r y  are 

The Q and 3 matrice; vere then calculated &= previously described: 

Q-’ = maximum acceptable value of d5ag xx 

R’l = naximus. acceptable v‘lue of diag uu 

+ 
-T . 

The process of selecting “acceptable” values of ut and uu was a com- 

bination of tvo factors. 

-T * 
The first invalved analyzing the  results of 

the atmospheric s e m i t i p i t y  study and the  heur i s t ic  developent.  The 

second vas to  calculate  gain vectors using several  values for Q and R, 

t e s t ing  these v i t h  a small number of di f fe ren t  atmospheres, and ob- 

serving their  performance. 

The maximum elloMble deviation i n  batik angle f ina l ly  chosen was 

30°, t he  same LS tht used in the heuris t ic  lav. Thus, 

1 It=- 9 0 0 -  
The Q matrix used was determined by assuming that t h e  meximum deviation 

allowed i n  energy w a s  100,000 m /s 2 2  throughout t he  t ra jectory.  This was 
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translated in to  allowable deviations i n  the velocity components as 

follows. 

k ine t ic  and potential  energies and is given by, 

The equation for energy per un i t  ma66 is  the sum of t h e  

E = 1/2V2 - r , 

vhere V is the mgnitude of the  velocity vector, r i s  the magnitude of 

t h e  position vector, and 1! is t h e  gravitational constant. 

the  energy equaticn assumes potential  energy is zero st i n f i n i t e  radius. 

As discuss& previously, t h e  e f fec t  of chmges i n  r is xglected and t h e  

change i n  energy is given by, 

This form of 

- =  aE v. av 

A3 = VAV. 

But 

and 
VAV = V AV + V AV + V AII 1 1  2 2  3 3 ’  

(33) 

(34) 

(35) 

(36) 

where V1, V2, an0 7, are tho velocity components of t h e  state vector. 

1%  as assumed that each component contributed equaLly t o  deviations i n  
- 

energy. Therefore, at each point i n  the  t ra jec tory ,  

LSE Vi AVi = - 3 Or 
(37 )  

(38) 
A 
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1 

The Q matrix for  eech of t h e  f i v e  t ra jec tory  points is presented i n  a b l e  

4. 

~ r o m  reference 20, the system i - AX + BU is completely controUable 

2 if the  rank of  the coaposite mntrix (B, AB, A B) is 3. The A and B 

matrices at each of the  f i v e  points were used t o  generate the ccmposite 

matrix and at each point the rank of t h e  matrix uas three. Thus, t he  

system is completely controllable. The system is completely observable 

if there is a na t r ix  D such that 

DET * Q. (Reference 21) 

'Be matrix Q i s  diagonal and is defined in (39) cs, 

1 = -  
i = J  

i , j  = 1,2,3. 
v12 

3 Qi 

= o  i f J  

The matrix D, then, is nlso diagonal and can be defined 88 

1 s- 
= Qij vi i = J  

Di i,J = 1,2,3. 
= O  i i j  

Therefore a matrix which s a t i s f i c s  (40) exists and t h e  s y s t a  is completely 

observable. The cont ro l lab i l i ty  and observabili ty requiranents are satis- 
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fied and the matrix Ricatti equation has a unique positiv. definite 

solut ion. 

This s&Jtion vas found and the  gain vector at each point vas cs l -  

culated using a NASA dctnlopcd colnputer program. All of the  A matrices 

had eigenvalues v i t h  n-tive real parts, thus the  first phase of t he  

Rica t t i  equation solution vas omitted. All of the solutions converged 

rapidly and the  resul t ing gains are presented i n  figure 16. Since all 

t kee  curves were smoath, no maore trajectory points w e r e  required; the 

valties G f  gain between the points could be determined by interpolation. 

The gu5dance l a w  WRS synthesized in to  the t rgjectory program accord- 

ing t o  the following block diagram. 

Control 

I 
Sensors 
and - -SYSLem_ - 

E s t  inurtor Quantit ies X = F(X,U 
~ 

The nominal t ra jectory and the gain vector w e r e  stozed versus flight path 

angle 8s tables u5th cubic interpolation, while the nominal control was 

constant. The bank angle again had fixed limits of 50 and 13@ degrees. 

For t h i s  analysis, perfect knowledge of t h e  state was assumed. 

The feedback guidance l a w  developed was tes ted on a number of atmo- 

spheres provided as before with the stat Sst ical  atmosphere generator 
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program. 

figure 17. 

atatOsphcre. 

H o m e r ,  abaut 72% fell within a 200 Em tolerance, and abut 91% Vere v i th in  

a 300 Ka spread. 

s t s  deviation is 125.6 h. 

inclination for  these trqkctaries uere between ri.33” ard 2 7 . 9 1 O .  

bank angle h is tor ies  of these traJector ies  tended t o  switch from one fixed 

l i m i t  to  the other,  as i l l u s t r a t ed  i n  f igure 18. 

par t icular  history is typical.  

of representing the nominal t ra jectory i n  a meaningful manner in the  

chosen reference frame. 

vary videly near the point of peruee throughout the range of atmospheres 

used and, except for  energy, there is no part icular  reason t o  constrain 

any of them. 

t i on  of one ~f the  parameters zaay not have completely sat isfactory 

resul ts .  

The performance of the  l a w  is i l l u s t r a t ed  by the  histogrsn, i n  

O u t  of t h e  50 t r a j ec to r i e s  run, 4 failed t o  exit from the  

Nearly a l l  of the  f i n a l  apogees vere lower than desired. 

The man of the  46 apogee values Ss 260.6 Km and t h e  

1 . e*dition, all of the  values of final 

-fie 

The beha+or of t h i s  

This is most l ike ly  due t o  the  d i f f i cu l ty  

The parameters t h a t  can describe a t ra jec tory  

Therefore, representing the desired s t a t e  vector as a f’unc- 
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CONCLUSIONS N?D P.FXOWENDATIONS 

The Aeromaneuvering Orbit-to-Orbit Shut t le  (AMOOS) concept for a 

reusable upper stage t o  be carried by the  Space Shut t le  has been shown 

t o  be highly sensi t ive t o  unpredictable var ia t ions i n  the  density of t h e  

atmosphere throug,: which it flies. 

of atmosphere variations whose statist ical  properties match those of 

actual data. I f  the vehicle i s  not able t o  conpensate fo r  these vari-  

ations,  it may f a i l  either t o  e x i t  from t h e  atmosphere o r  t o  d iss ipa te  

enough energy t o  establish an acceptable phasing o rb i t  with the  Space 

Shuttle. Therefore, R guidance l a w  t h a t  can compensate fo r  t h e  vari- 

ations is crucial  t o  t h e  f ea s ib i l i t j  of t h e  PJlOOS concept. 

This w a s  done using a large nmber 

A heuris t ic  l i nea r  feedback guidance l a w  w a s  de\-eloped which demon- 

s t ra ted  tha t  such a l a w  could control the t ra jec tory  within acceptable 

tolerances. This l a w  was designed t o  hold t h e  energy of t he  vehicle t o  

t h e  energy prof i le  of the  noolinal t ra jectory.  

of different atrnosp’7eres using c m s t m t  multipliers t o  provide de r s i ty  

irariat ions. 

It was tested on a number 

An optimal regulatcr was synthesized using modern control theory. 

The resul t ing feedback l a w ,  based on l inearized equations, of motion e.nd 

a study-state assumption, denonstrated t h e  f eas ib i l i t y  of t h i s  technique. 

Th i s  l a w  was tested usirg t h e  s t a t i s t i c a l l y  varying atmospheres and t h e  

values of‘ f i na l  o rb i t  apogee were generally lower than t h e  desired value 

but within a 300 Km band. Also, there  was a tendency for  t h e  bank angle 

t o  switch from one fixed l i m i t  t o  the other during a t ra jectory.  



Several refinements can be made t o  the  technique t o  improve perform- 

ance and ease the  benlr angle svitching. 

i n  a more natural  reference frame, allowing direct control of important 

Ooe is t o  define the  state vector 

parameters such as t o t a l  velccity. A l ike ly  candidate for  such a ref- 

erence frame i s  one which defines t h e  position vector by a l t i tude ,  lati- 

tude m d  longitude and the  velcci ty  vector by velocity magnitude, f l i g h t  

path angle, and headicg angle. Another advantagt: cf t h i s  system is that 

the  sens i t iv i ty  matrices cm be easi ly  determined expl ic i t ly  ra ther  than 

numerically. An even mere d i rec t  approach votiLd be t o  use energy itself 

as a state variable (reference 24). Tkis would have t t e  additional 

benefit of reducing t h e  dinensionelity of the system. 

The l imitat ions of l inear izat ion could a l s c  be reduced. Not only 

i s  the physical system naturally ncn-linear but there  is a random term 

introduced by the  mcer ta in  variations i n  the properties of  t he  atno- 

sphere. A continuous randcr, prccess term could be added t o  the  equations 

of Totion. This term could a l s o  t e  used t o  account ror the  absence of 

higher order t e n s  when the system i s  l inearized. The analysis of such 

a systen i s  discusseu ?'n tz'uorial fashion i n  referecce 25. 

The f eas ib i l i t y  of AMOOS depmds. absolutely OT; i t s  a b i l i t y  t o  com- 

pensate for  Urigrt?diCtablf2 density variaticris encountered tiwing the atmo- 

spheric pcrtion of the f l i g h t .  

t h i s  c r u c i a l  capaki1it.y has been developr-d. 

A feedback guidarice law which provides 

Possi .ble refinements t o  the  

deveioprnent of the law t o  Airtber imprcve i t s  performance have a l s o  been 

proposed . 
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TABLE 1. PROPERTIES OF THE MEXV ATMOSPHERE 

Utitude, Icla 

60 

63 

69 

72 

75 

7e 

81 

84 

87 

90 

93 

96 

99 

102 

105 

108 

1 U  

114 

117 

120 

66 

Temperature, OK 

260.704 

255.631 

241.549 

210.874 

208.266 

204.926 

19s. 660 

193.234 

188.414 

181.442 

177.810 

171.758 

182.265 

188 . 930 

201.930 

216.930 

231.930 

251 930 

281.930 

311 930 

341.93n 

2 Pressure, Wrn 

25.03130 

16.96214 

11 17573 

6 99571 

4.31924 

2.64073 

1.69238 

1.01280 

,59284 

3594s 

.20334 

.lib67 

.06354 

.03618 

,0217P 

,01358 

,00874 

.00581 

,00401 

,00288 

.00213 

3 Density Kg/m 

3. 34b8xlO4 

2.3116 

1 . 6 ~ 8  

? . 2 2 4 ~ 0 - ~  

1.1557 

4.4892 

2.9678 

1.8259 

1.096l 

6.901 5x10°6 

3.9839 

2.3248 

1.2145 

6 . 6 7 1 ~ 0 ~ ~  

3 7592 

2.1808 

1.3128 

8.0341~lO-~ 

4.9550 

3.2164 

2.1701 



TABU 2. TRAJECTORY PARAMETERS AT CERTAIN 
POINTS IN THE NOMINAL F'LIGHT PATH 

v2,m/s 

- 810.5 

-1281.3 

-1608.8 

-1814. o 

-2133.7 

-2589.3 

-4098.2 

Time, s v ,m/s 3 

- -  
-3853.2 

-3880.2 

-3902. I 

-3311. a 
-3859.7 

-3803.1 

-3570.3 

Altitude, 

Km -- 
120 

87.374 

73.779 

70.076 

74.733 

83.810 

120 

Velocity , 
E/S 

10313.8 

10326.1 

10054.7 

9259. G 

8337.9 

8053.0 

Fl ight  Path 

Angle, 3eg. 
~ ~~~ ~ 

-4.57707 

-2.65267 

-1 A 3 8 8  

00553 

.87191 

1.1847 

1 60555 

6 Energy, 10 
2 2  /s 

~ ~~ 

-8.154 

-8. 336 

-11.232 

-16.951 

-27.011 

-29.260 

-29,744 

v1 ,m/s 

-9532 6 

-9483.4 

-9125. E 

-8193 7 

-7076.1 

-6609.4 
~~ 

-5802.2 
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TASLE 3. THE A AND B MATRICES AT CEKTAfTl 
WIIVTS ON THE FLIGHT PATH 

aF B = -  dF A = -  au 
TIME, S 

ax 

- 0029458 -. 0002530 -.0013612 - 0002750 - 0015348 -. 0002318 
.0007453 .0001343 -, 0014670 

- 0000222 - .0001592 

.020855 - 117939 

.0000731 , 90 

-. 0047873 -.0005259 - 0023296 -. 0004970 -.0025692 -.0005065 
.!10~-1226 .0002438 -. 0024711 

.037871 
4 7 7 5 6 4  

.0029141 

I I 
I _If_____l 

- .001941@ - 0002941 -.OOlOO4 3 

.0004139 ,0001145 -. 0010606 
-. 0002363 -. OOUO34 -.0002894 

130 

.018024 

.003010 
- .O65491 

250 

190 

-. 0004407 - 0000872 -. 0002313 .0049491 - . ooc0622 -. 0002668 =. 0000835 -. 014)rlg . oooog18 .0000313 -. 0002489 .0011728 

I I 1 

I 1 1 
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TABLE 4. THE Q MATRIX AT CERTAIN 
POIKFS ON THE FLIGHT PATH 

03931 0 0 

0 ,006034 0 

0 0 .01302 

TIME, s 

50 

90 

130 

I 
150 

250 

Q MATRIX I 
.08094 0 

0 .0014776 

0 

0 

0 0 013550 
I 

.074952 0 

0 ., 0023294 

0 0 .013706 

.06042 0 6 

0 .0029615 0 

0 0 .013772 
I 

.04 506 0 

0 . OObO974 

0 

0 
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1. 
2. 
3' 
4. 
5. 
6. 
7. 

Delivered to circular Orbit by Space Shuttle 
Burn to mission transfer orbit 
Midcourse correction 
Burn to mission orbit 
Burn to return transfer orbit 
Midcourse correction 
Burn to Shuttle rendezvous orbit 

Figure 1. -Schematic OF Propulsive 00s Mission Profile 
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Figu re 2. - Schematic d Propu Is ive 00s Configuration 
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1. Geosynchronous orbit 
2 Burn to transfer to aeromaneuvering orbit 
3. Miciaurse correction 
4. Aeromaneuver to phasing orbit plane and apogee 
5. Phasing orbit apogee, burn to achieve phasing orbit perigee 

Figure 3. - Schematic of AMOOS return trajectory 
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Figure 6. - AMOOS hypersonic lift and drag coefficients 
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Figure 9, - Velocity addition required to correct inclination error 
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Figure 10. - Histogram of final apogee 
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Figure 11 (a). - Variation d final apogee with final energy 
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Figure 11 (b). - Magnified view showing acceptable apogee variation 
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Figure 12. - Variation of final energy with energy at perigee 

51 



230 E- I nclination 
at Exit, deg 

I 

Energy at Exit, m2/ $2 

x 106 

Figure 13. - Variation of finai orbit inclination with final energy 
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Figure 15. - Variation of final inclination with density 
factor for the heuristic guidance law 
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Figure 16. - Gain vector history 
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Figure 17. - Histogram of final apogee for optimal regulator test 
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Figure 18. - Typical bank angle history from optimal regulator test 
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